GaN and the heterostructures are attractive in condensed matter science and applications for electronic devices. We measure the electron transport in GaN/AlGaN field-effect transistors (FETs) at cryogenic temperature. We observe formation of quantum dots in the conduction channel near the depletion of the 2-dimensional electron gas (2DEG). Multiple quantum dots are formed in the disordered potential induced by impurities in the FET conduction channel. This result can be utilized for the development of quantum dot devices utilizing GaN/AlGaN heterostructures and evaluation of the impurities in GaN/AlGaN FET channels.
1
GaN and the heterostructures are attractive materials because of their interesting electronic properties: the large direct bandgap, the high electron densities and mobilities. They are utilized in light-emitting diodes [1] [2] [3] and power and high-frequency electronics devices [4] [5] [6] . In electronic device applications, GaN/AlGaN heterostructures are important structures. High density and high mobility 2DEG is formed at the interface [7, 8] . The 2DEG is also investigated on the viewpoint of spin-orbit interactions [9] [10] [11] and electron spin resonances [12] . Quantum nanostructures can be fabricated from the heterostructure by utilizing nano-fabrications. Quantum point contacts [13] and single electron transistors [14] are reported. GaN/AlGaN nanowires [15, 16] and self-assembled GaN islands [17] are also used to form quantum dots. Then GaN and the heterostructures are attractive also in quantum devices utilizing the electronic properties.
Quantum dots can be formed also by intrinsic impurity potentials not only by the electric gates or edges defined structures. In Si FETs, the formation of quantum dots by electrical potentials induced by dopants is reported [18] [19] [20] . Dopants themselves work as quantum dots and control of the dopants [21] is used for quantum bit applications [22] [23] [24] [25] [26] , which is studied for quantum information processing [27, 28] . The stronger confinement by the dopant makes larger quantization energies and this enables high-temperature operation of the semiconductor quantum bits [29] .
In this paper, we measure electron transport through GaN/AlGaN FETs at cryogenic temperature. We observe non-monotonic modulation of the current indicating formation of quantum dots near the pinch-off condition of the FET channel. Multiple quantum dots are formed and the origin of the formation is the potential fluctuations induced by the impurities near the conduction channel. and the gate width are 1.4 µm and 150 µm, respectively.
RESULTS

Device and FET properties
The current between the source and the drain contacts I sd is measured as a function of the applied source-drain bias voltage V sd and the gate voltage V g . We measure the current through the device at the room temperature 300 K and cryogenic temperature 50 mK. The device is cooled down by a dilution refrigerator. voltage dI sd /dV sd is shown in Fig. 2(b) . The current I sd is blocked around the zero bias condition V sd ∼ 0. The width of the blocked region is modulated by the gate voltage V g and Coulomb diamonds are observed. The size of the diamonds becomes larger in more negative values of V g and this reflects that the dot size becomes smaller and the charging energy becomes larger. Note that the faint vertical lines around the outside of the diamonds are the measurement artifact that originates from the output voltages of the source measure unit used in this measurement. In this small current condition, we use a current preamplifier to measure the current instead of the source measure unit and the measurement artifact like in Fig. 2(b) is not there. From the sizes of the diamonds, the typical charging energy E C is evaluated as 10 meV in this region. The current enhancement by the excited states is also observed as lines outside of the Coulomb diamonds. The typical energy The visible lines mostly have the same slope and this indicates that the dot is asymmetrically coupled to the leads: the dot is strongly coupled to one of the leads. The voltage drop by forming the large in-series resistance in the conduction channel is negligible, which can be evaluated by inverting the source and the drain contacts in the measurement [30] . The diamonds are not completely closed at V sd = 0 in Fig. 3(a) . This shows multiple that quantum dots are formed in this device.
DISCUSSION
There are no small fine gates or structures to define quantum dots intentionally in this device.
The quantum dots will be formed by the disordered potential induced by the impurities or defects near the conduction channel. Near the depletion of the 2DEG, the potential minima of the disordered potential will contribute to the transport and coupled quantum dots will be formed like a schematics in Fig. 3(b) . Then the observed QD properties reflect the disordered potential in the FET.
In conclusion, we measure electron transport in GaN/AlGaN FETs at cryogenic temperature.
Quantum dots are formed in the conduction channel near the depletion of the 2DEG. Multiple quantum dots are formed by the disordered potential in the FET. This result can be utilized for the development of quantum dot devices like semiconductor quantum bits and nano-probes [31] [32] [33] utilizing GaN/AlGaN and evaluation of the disordered potential in GaN/AlGaN FET channels.
